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ABSTRACT

The U S. Departnent of Energy namintains the Strategic Petrol eum Reserve
(SPR), a 750-nillion barrel crude oil reserve stored in caverns |eached
in Gulf Coast salt domes. Typi cal SPR caverns have been investigated
with a sinplified creep closure nodel in an effort to predict the long-
termeffects of creep closure on the caverns as well as to ascertain the
rel ati onshi ps between |ost volune and operational procedure. In
particular, the effects of operating the caverns at a hi gher wellhead
pressure, in order to mitigate volunme loss, were investigated. As
expected, higher volunme |osses were found for deeper caverns and caverns
operated at | ower wellhead pressure. In addition, the reduction in
volume lost for a given increase in wellhead pressure was found to
increase nonlinearly wth increasing cavern depth. The distribution of
the volune | oss was al so cal cul at ed. This distribution was found to be
only slightly dependent on cavern depth, with 80 to 90% of the volune
I oss occurring in the bottom 30% of the caverns. Finally, the results
from two di fferent tenperature approximations were conpared. As nost
engineering calculations of creep assume a constant, average tenperature
throughout the oil and salt, this tenmperature profile was conpared to one
that was linear in the axial direction while invariant in the radial and

time di nensions. The results of the two nethods of approxinating
tenperature, for volume |oss of caverns operated for 30 years at 41.4 bar
(600 psia), were found to deviate nonlinearly with cavern depth. The

volume loss predicted by the average tenperature nmodel was up to 35% 1 ess
than that predicted by the linear tenperature profile.
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[ NTRODUCTI ON

Underground salt dones have been studied for a variety of uses including
the mining of salt, storage of petroleum products and radi oactive and
chem cal waste, and conpressed air energy storage. Salt dome utilization
generally requires the formation of cavities in the dome itself. Once
formed, these cavities begin to creep closed due to the lithostatic
stress on the cavity walls and the plasticity of the salt.

The creep closure of these salt done cavities is of particular interest
to the U S. Department of Energy which maintains the Strategic Petrol eum

Reserve (SPR). This reserve contains over 750-mllion barrels of crude
oil stored underground in salt donmes along the GQulf Coast. These
underground cavities range froma converted salt mne in the Weks |Island
done, to the cylindrical Phase IIl/I1l caverns in other dones |eached

specifically for crude oil storage

An idealized Phase II/I1l cavern is shown in Figure 1. These caverns are
generally 610 m (2000 ft) on axis with a radius of 30.5 m (100 ft). A
cased well with a hanging string extends fromthe surface to the cavern.
As the cavern creeps inward due to the lithostatic pressure (which
exceeds the cavern pressure), the cavern pressure rises and is controlled
by renmoving brine fromthe cavern thus preventing the pressure at the
casing seat from approaching its design limt. The oil is wthdrawn by
injecting fresh water into the brine region through the hanging string

floating the oil out of the cavern through the annulus between the
hangi ng string and the well. Because fresh water is used for the
drawdown, additional volume is |eached during drawdown.

PREVI QUS WORK

In an effort to predict the long-termeffects of creep closure on the
salt done cavities, as well as to ascertain the relationships between
| ost volume and operational procedure, a nunber of studies have been

conduct ed. The first step towards mathematically characterizing creep
closure of salt done cavities is to deternmine the nature of the salt
itself. Once the salt's creeping response to pressure has been

represented mathematically, long-term creep on cavities can be nodelled

Nunmerous studies consisting primarily of |aboratory measurenents have
denonstrated that creep in rock salt occurs in three different regines:
a transient phase, followed by a steady state phase, and finally a
rupture phase. The steady state reginme, where the bulk of the salt
response is concentrated, is often modelled by a power |aw
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Typical SPR Cavern

Z = Orm
(O ft)

z, = 610 m
(2000 ft)
z, = 1143 mg
(3750 ft)}:
'z, = 1219 m

(4000 ft)}

Figure 1. Typical SPR cavern, 610 m - 1219 m (2000 ft - 4000 ft), wth
wellhead pressure naintained at or near 41.4 bar (600 psia) and with the

initial oil/brine interface at a depth of 76 m (250 ft) above the cavern
floor.
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In this equation, %, represents the steady state creep rate, while C and
Q are constants, R, is the universal gas constant, T is tenperature, uis
an average shear nodulus, r denotes the effective stress (a scalar
measure of the deviatoric stress conponents at a point in the salt), and
nis the steady state creep exponent, usually taken to be between 3.5 and
5.5. Several reviews of the work characterizing salt creep via
| aboratory and in situ measurenents have been published.l.2.3.4,5 By
incorporating salt creep equations, such as the power |law in conputer
codes, creep closure calculations can be perforned for a wide variety of
salt dome cavities. Past studies have generally enployed finite el ement
analysis while approximating the salt response with a steady state nodel
negl ecting the transient response. Several authors have quantified this
appr oxi mation. For exanple, Morgan et al.® have found that including
transient creep does not significantly affect the agreement between in
situ neasurements and cal culations of creep closure

The caverns modelled with finite elenent analysis have varied in size and

shape. Anderson’ perforned a finite el enent analysis of a spherical
cavity in a half space. Representing the salt creep with the steady
state power |aw nodel, Anderson investigated the effects of the

temperature field in the dome, the depth-to-radius ratio of the cavity,
and the pressure in the cavity (taken to be constant) on volume |oss and
creep rate. Van Sambeek® used finite elenent analysis as well as an
approxi mate anal ytical solution to investigate the pressure evolution and
rate of creep closure for plugged and abandoned solution (brine-filled)
well's.  The conpressibility of the brine was taken to be constant while
temperature, well pressure, and lithostatic pressure were modelled as

l'inear functions of depth. Agreement between the finite el ement and
anal ytical methods was found to be dependent on cavern shape. In a
simlar study, Preece et al.® enployed finite elenent analysis to
calculate creep closure in brine-filled boreholes in the Big Hll SPR
salt done. Again, the conpressibility of the brine was taken to be
constant while tenperature, well pressure, and lithostatic pressure were
modelled as linear functions of depth. The results of these
cal cul ations, radial displacenents and wellhead pressures, were conpared
to field neasurenents. The neasured val ues of these paraneters were

found to exceed the calculated values by a factor of 2 to 2.5. In
another finite element analysis, Preece and Foley® cal cul ated vol ume
| oss due to creep closure while investigating the relationship between

cavern spacing and structural safety. This work enployed the steady
state power law with an allowance for fracturing and was conducted for
the designated thirty-year lifespan of SPR caverns. In order to include

the effects of drawdown | eaching, the cavern shape was nodified every
five years by sinulating a drawdown. This was facilitated by a solution
m ni ng code devel oped by Russo.ll Cavern spacing was al so investigated
inasimlar finite element study by Ratigan and DeVries.? Al though the
effects of cavern drawdown were not included in this study, Ratigan and
DeVries did investigate the relevance of cavern operation paraneters,
wellhead pressure in particular, on potential cavern collapse due to
creep. Fischer!® investigated creep effects on batteries of caverns in a
singl e dore. In particular, the results of an axisymetric nethod of
"capturing three-dinensional effects within the constraints of a two-
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di mensi onal anal ysis" were conpared to those of finite element analysis.
The pseudo-three-di mensional axisymetric nmethod predicted |ess creep in
the caverns. This is due largely to the presence of the cavern roof and
floor material in the three-dinensional finite el enent analysis, which
has the effect of "slow ng" radial creep in these regions.

Finally, Todd* evaluated creep closure for SPR Phase II/IIl caverns at
di fferent wellhead pressures. By assuming a cavern pressure which varied
linearly with depth, for a 610 m (2000 ft) cavern with a roof depth of
610 m (2000 ft), filled entirely with crude oil, Todd calculated the
ratio of the volunme |loss for caverns operated at pressures other than
41.4 bars (600 psia) to that of a cavern operated at 41.4 bars (600 psia)
using a power law nmodel with various exponents.

The current work has been conducted to address several topics: (1) the
effects of cavern depth and wellhead pressure on creep closure, (2) the
distribution of volume loss with depth, and (3) the effect of the
tenperature approximtion on the results of creep closure calculations.
Moreover, these topics have been addressed through the use of a
sinplified creep nodel capable of performing the same sort of calulations
typically carried out by the finite element nethod. O her topics which
cannot be addressed with the finite element nmethod but are easily
explored with this nodel, such as the evolution of the oil/brine
interface depth with tine and the effects of an oil leak on the creep
closure, wellhead pressure, and interface depth, have been discussed
el sewhere. 15

MODEL

The nodel used in this work considers radial creep only, an approximation
which inproves with increasing aspect ratio (Ilength/dianeter).

Throughout this work, this ratio is 10. The programis initialized by a
right circular cylinder radial profile. In addition, an initial wellhead
pressure P,(t=0), and an initial interface depth, =z;(t=0) are required.

Because the equations of state for both brine and crude are included in
the nodel (and thus each fluid's conpressibility), P, and z; can be
calculated (by iteration) from the equations governing cavern creep.

Thus, it is possible to calculate the variation in Py, z;, and r(z) with
tinme. The motivation in witing the programto allow P, to change with
time is that this approach allows the only measurable paraneters for
actual caverns, P,, z;, and the rate of fluid renoval, to be related to
the creep rate, conplinenting previous finite elenent studies of creep
closure for SPR caverns which have generally enployed the follow ng
assunptions: constant or nearly constant P,, a single fluid i.e. no
interface, and no fluid renoval. Assunmi ng constant Pw precludes the
necessessity of allowing for the elastic (time-independent) response of
the cavern. Although all of the results presented in this paper assune
constant Pw, any application of the nmodel which allows Pwto vary with
tine would require either an allowance for an elastic response, or
evidence that its contribution is negligible. Such applications night
provi de i nformation concerning the tinme-dependent behavior of P, and z;



which is particularly useful when examning real cavern data, P,(t) and
z;(t), in an effort to detect cavern |eaks.

Due to the nature of SPR caverns, the actual tenperature profile of the
salt near SPR caverns is unknown. Al 't hough the temperature profile in
the salt done itself can be nmeasured, once a cavern is filled this
profile begins to vary as a function tine and the distance fromthe
cavern axis. This is a direct result of introducing oil into the cavern
at a tenperature below that of the salt. Convective heat transfer
between the salt and the oil changes the tenperature gradient in the salt
near the cavern. As no attenpts have been made to neasure the
tenmperature gradient in the salt near the cavern, the actual salt

tenmperature profile is unknown. Most authors enploy an average
tenperature, based on tenperature |ogs of SPR caverns which show t he
tenmperature of the oil to vary as little as 0.0036°C/m (0.002°F/ft).
Nurerical work has been done to estimate the rate of circulation in SPR
cavernsl® and the long termeffects of the lower initial tenperature of

oil on the temperature profile in the surrounding saltl?’. |In particular,

Tomaskol? found that nine years after filling an SPR cavern, the effect

of the lower oil fill tenperature extended sone 0.9 cavern dianeters from
the cavern wall into the salt, with the salt nearest the cavern obviously
affected the nost. The tenperature extending fromthe cavern wall to 0.2
dianeters into the salt was calculated to be constant and equal to a
value 8.3°C (15°F) higher than that of the stored oil. From0.2 to 0.9
cavern dianmeters fromthe wall into the salt, the radial tenperature
profile at a given depth increased fromits constant value at 0.2
diameters to the lithostatic value at 0.9 cavern dianeters. Beyond 0.9
cavern dianeters, the salt exhibited its original lithostatic tenperature
gradient. The nost accurate nodel of the tenperature profile in the salt

surroundi ng an SPR cavern would therefore be at |east two dinensional and
time dependent in a nanner consistent with the thermal equilibrium
process ongoi ng between the stored oil and the salt. The two extrenes
exami ned here, linear variation with depth and constant average
tenperature, represent bounds on either side of the actual tenperature
field.

The derivation of the equations governing the nmobdel begins with a force
bal ance on a fluid elenent:

dp
= ~ PB (2)

where P is the pressure, z the axial coordinate, p the density, and g the
gravitational constant. This relationship holds in both the crude and
brine regions. Thus if the axial coordinate increases positively with
depth and is zeroed at the surface



dP(z)

iz = pc8 0 =z = zg (3)
dP(z)
dz PpE zy =z 7, (4)

where the subscripts C and B denote crude oil and brine, respectively.
The axial coordinates of the top and bottom of the cavern and the
crude/brine interface depth are denoted z., z,, and z; respectively.

In order to integrate equations (3) and (4), expressions for p.and pg
are required. An equation of state for crude oil can be found in the
Petrol eum Producti on Handbook® and rearranged in the form

o T .
pe = P {1 -C, T+ C(T P} (5)
Wi th
pg(T) = py@(T) {1.00009456 + 0.16595 —53 (6)
cm
¢ = sz x 10 1
¢ 1.00009456 + 0.16595 K (7)
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Cpc(T) = { 018 1.00009456 TR} 6.436 0.165% + 3.6} 1.45bar x10~ (8)

where T denotes tenperature (in K) and § is the crude oil specific
gravity, taken to be 0.876 throughout this work. For conputi onal
sinmplicity, poo(T)is taken to be 1.0296 g/cm® throughout this work (the
variation with tenperature of this parameter, 0.05% change per degree K,
has been negl ect ed). In the analysis that follows, it will be referred
to sinply as pc°. The value of this paraneter was obtained by assumng a
nom nal cavern tenperature of 323 K (121°F), the tenperature at a depth
of 914 m (3000 ft) (from equation (15)). The val ue of the paraneter
Pr20°(323 K), taken to be 0.98807 g/cm3®, was obtained fromthe Handbook of
Chem stry and Physics!®. A similar equation of state has been devel oped
for saturated brine (see Appendix A):

2 3
o T T, 2 T .3 P
pB=pB{l-CBT+CBT +Cy T +CBPB} (9)



wher e

02 = 2.0149 g/em’ (10)
T 8.4868 x 107’

Cg = K (11)
2 -6

CE _ 8.933 ; 10 12)

K
I _ -3.2712x107° (13
B K3

P 2,498 x 10°°

s - bar (14)

Two tenperature profiles were used in this work: an axially linear,

radially and tine invariant profile, and an average tenperature profile.
The expression,

T===m,l,z+b,r (15)

was used to nodel both. For the linear tenperature profile, the
paraneters my and by were taken to be 0.0255 K/m (0.014 °F/ft) and
299. 44 K respectively. Usi ng these paraneters for a cavern with z, =
610 m (2000 ft) and z, = 4000, the tenperature at the top of the cavern
is 315 K (107°F) while that at the bottomis 330.6 K (135°F). The second
tenperature approxi mation, enploying an average tenperature throughout
the system was acconplished by choosing m; and by such that

ave ™ “midpoi nt * bT (16)

for all z, where z,4ine IS the depth at the axial midpoint of the
cavern. For exanple, for the above cavern, the tenperature at the
m dpoi nt woul d be (0.0255 K/m)*914m + 299.4 K = 322.7 K Thus, the input
to the program would be 0.0 and 322.7 K for m; and by, respectively. The
average tenperature approximation results in a difference of 14°F at the
top and bottom of a 610 m (2000 ft) cavern.



The fornulation of the nodel continues by substituting equation (15) for
T in equations (5), (8), and (9). By making this substitution in
equation (8), a second expression for the crude oil equation of state
par anet er CcF(T) can be obtai ned:

CE(T) = Mz+B (17)
wher e
(0.018 1/K) my |1.45x10'5
M T.00009456 + 0. 16595 1| bar 1 (8
(0018 1/K) b, - 6.436 + 3.6] (145 x 107°
B T (19)
1.00009456 + 0. 165395 Jl bar

Conbi ning equations (3) and (5), a differential equation for the pressure
in the crude region can be obtained

%g = Pg {1 - cg(mT Z+bp)+ (Mz + B) P} g (20)

Rearrangi ng equation (19),

P'+P{-pggMz-pggB}
(21)
_ o0 T o T
"’cg[l'cchl'pchcmTz
the standard formof a first-order linear ordinary differential equation
is obtained. This can be solved by multiplying each side by an

integrating factor?® and then integrating. The integrating factor is
cal cul ated from

exp[J{-pg g Mz - pg g B} dz]

o 2 o
= exp[_ngMz ) ngBZ]
2

(22)



Miul tiplying each side of equation (21) by the right-hand side of equation
(22) yields a further rearrangement Of equation (21) which can be

i ntegrated,

2
d -pggMz-pgng
d—z Pexp —2 |

= [pg g [l - Cg bT] - pg g Cg m z] (23)

o 2 o
[_ pcg Mz"- pC g B Z]
exp| 7

If we define P, = P, + Py, Where P, is the pressure at the roof of the
cavern (z - z,) and Py the hydrostatic head contribution of the oil
colum running fromthe wellhead to the roof of the cavern, we can
integrate equation (23) with P =P, at z - z,. This yields an expression
for the pressure in the crude oil region as a function of depth:

z
o
“pe 9 Mz Pc 8 Bz
Pc(z) = exp 7
z
t
o T o T
Pc 9 [l - Cq bTJ - P8 Compz dz +
(25)
o 2 o W
-pngMz"- p . gB Z
P, exp € c
t 2
J
-pog M 2" - Bz
[pcg z" - po 8
exp 7
J



This equation can be sinplified no further and is solved nunerically in
the program

Substituting equation (9) into equation (4) and integrating in simlar
fashion, with P = P; = P.(z = z,), where P; is the pressure at the
interface depth z;, evaluated from equation (25)), a simlar expression
can be obtained for the pressure in the brine region

P 1+
P.(z) = -(1L+3)+p°gC. Qz)+ p, + 12O
B —_— B B i P
c? ‘g
B
(26)
fe) P (o] P
- pg & Cp Q(z) exp (z - 2;)pp 8 Cp
wher e
2 3
T T, 2 T, 3
= - 27
d Cy by * Cp by + Cp by (27)
- ITI z3 3 I11 11 2 6 111
Q(Z) — - + z - e —r————
po g CP ° P 2 po g cP o p 3
B B [pB g CB] B B [pB g CB]
(28)
+ 211 1 s+ 1
o P 2 + p,8¢C po g CP
[pB g CB] B I B B
with
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T T T, 2

I = -CB m + 2CB bT .y + 3 CB bT my (29)
2 3
T 2 T 2
[l = CB L 3 CB m bT (30)
3
T 3

[ = CB m (31)

Once expressions for the pressure have been obtained in both the crude
and brine regions, the salt donme creep rate nust be related to the cavern
pressure. In an effort to develop a nodel which could adequately
approxi mate cavern creep closure and run on small conputers, a one-
dinensional formulation using equation (1) was chosen for this study.

The derivation is detailed by Van Sambeek2! except that here we have used
the initial cavern radius R to approxinmate the time-varying radius r.

Thi s approxi mati on has been quantified, and is discussed nore conpletely
in Appendi x B. This creep formulation is simlar to that of Preece and
Krieg22. Thus, the steady state creep equation used in this work is:

5.5
K, . z - P(2)
A = RA A exp[I'{ ET] {J litho ; I} (32)
8

where Ar is the change in radius, Rthe initial cavern radius, R, the gas
constant, T is a function of depth according to equation (15), and At is
the time step. Throughout this work, R was taken to be 100 ft. The
values of the other parameters in this equation are

A = 2.43X 1029 /yr (33)

E = 104.6 kJ/mole (34)
(25 kcal/mole)

= 0.226 bar/m (35)

K, .
litho (1 psialft)

u = 8.48 X 104bar
(1.23 x 106 psi a) (36)

These val ues are based on | aboratory creep nmeasurenments of the paraneters
which were then adjusted to fit actual SPR cavern dat a. This data was
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wellhead pressure data taken from Bryan Mound 110 during a 2 nonth quiet
period in the cavern's operation.

As can be seen from equation (43) (Appendix B) the cavern creep, Ar,

depends directly on the differential between the lithostatic pressure and
the cavern pressure. The cavern pressure depends on the wellhead
pressure, and the mass oil and brine in the cavern, denoted M, and M,
respectively. The amount of oil in the cavern is usually kept constant
while the brine is slowy bled to keep the pressure on the casing to
within allowable limts. By knowi ng the initial nasses of crude and
brine as well as the initial wellhead pressure and interface depth, the
wellhead pressure and interface depth can be followed in tine if known
anounts of brine are renoved. Negl ecting the mass of crude in the pipe
between the surface and the top of the cavern, the initial mass of crude
can be determ ned according to

Zi 21 or(2) , .
M. = I J I p.r dr de dz (37)
¢ zt 0 0 c

Assunming that pc is a function of only depth, equation (37) can be
sinmplified to give

|
MC = J pC1rr2(z) dz (38)

A sinmilar expression for Mg can be obtained, again assuming that pp is a
function only of depth,

Z
b 2
My = L py mr(2) dz (39)
i

The next step in developing the nodel was to develop a conmputer algorithm
whi ch incorporates the above equations to calculate the cavern shape,
pressure, and interface depth with time for varying conditions. This was
acconplished with a FORTRAN program which requires as input the initial
wellhead pressure and the initial interface depth. In addition, the
program requires an initial cavern geometry, taken to be a right circular
cylinder throughout this work:

r(z, t =0) =R (40)
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The al gorithm consists essentially of a large |loop containing two
subl oops. The large | oop begins with an an estinmate of P, and z, at tine
t =At. Wile holding P, constant, the estimate of 2z, is then varied in
the first of the subloops until equation (39) gives the current value for
Mg, the mass of the brine in the cavern, to within an acceptable
tolerance. The resulting z, is then used in the second subloop i n which
P, is varied in equation (38) until the current value for M. is obtained,
again to within acceptable linits. The large |oop around the two snaller
subloops is used to continue the iteration of P, and z; via the two
subloops until they no |longer flucuate. At this point, the radius of the
cavern is updated using equation (32). It would be nore accurate to
reiterate P, and z; using the resulting r(z), continuing until the two
variables P, and z; as well as the function r(z) were unchanging, but
this proved to have little effect on the results. The radial function,
r(z), is stored in an array which contains 10,000 points. In effort to
establish the mni mum nunber of points necessary to store this function
several lower values were investigated. Ten thousand points was found to
be the mininum necessary to insure accuracy. In addition, to increase
the accuracy of the calculations, a Newton-Gregory??® table | ook-up
al gorithm was enpl oyed when the r(z) array was called upon to supply a
value for the radius at a given depth.

After selecting the appropriate values for the creep nodel paraneters as
well as the best dinensions for the r(z) array, an investigation was
performed to determine an appropriate time step. The principal objective
of this investigation was to deternmine at what value of the tine step it
ceased to have an effect on the results of the creep nodel. This
natural |y depended on the tinme scale of the nodel. For the 30 year'tinme
span, the accepted lifespan of SPR caverns, the best tinme step was
determined to be 0.1 years and thus is used throughout this work

As nentioned above, actual SPR caverns are usually operated in a nanner
whi ch has cavern pressure control as its nmin objective. As a result,
standard SPR operating procedure consists of renoving brine fromthe
cavern every nonth or so, keeping cavern pressure nore or |ess constant.
In order to nodel this behavior, the program was witten to naintain
constant wellhead pressure by the renoval of an appropriate anount of
brine every time step

RESULTS

Model ling creep in SPR caverns enables several different types of
anal yses. A qualitative understanding of the relationships between the
operational variables and physical cavern response can be obtained via
paranetric studies. In addition, various approaches to approximating
unknown physical phenonena, such as the tenperature profile in the salt
surrounding an SPR cavern, are easily conpared. In particular, this work
focuses on the relationships between the wellhead pressure and cavern
depth (controllable parameters), and volune |loss and interface novenent.

In addition, two different methods of nodelling the tenperature, using an
average tenperature and using a tenperature profile linear in the axia
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direction while invariant in the radial and tine dinmensions, are
conpar ed

Operating the programin the constant P, node, thus approximating norna
operating procedures, the effect of the operating pressure, P,, on the
volunme |ost due to creep and interface depth can be detern ned. The
extent of these effects will vary with cavern depth. As nentioned above
t hroughout this work an initial cavern shape of a right circular
cylinder, with a radius of 30.5 m (100 ft) and an axial length of 610 m
(2000 ft) has been used. In all cases the initial interface depth was
set 76 m (250 ft) from the bottom of the cavern. Three prinmary caverns
have been nodell ed, a shallow cavern 457 m- 1067 m (1500 ft - 3500 ft),
a cavern at noninal depth 610 m - 1219 m (2000 ft - 4000 ft), and a deep
cavern 762 m- 1372 m (2500 ft - 4500 ft). The creep for each cavern has
been calculated at a range of wellhead operating pressures for the
mandated thirty-year lifetime of an SPR cavern using two different nodels
of the tenperature in the salt done.

The relationship between the volune |oss, wellhead pressures, and cavern
depth can be denobnstrated by plotting the percent volune loss as a
function of wellhead pressures for caverns at all three depths. This can
be acconplished with a single plot if the difference between the
lithostatic pressure and the cavern pressure at the cavern roof is used
as the abscissa. The data has been plotted in this fashion inFigure 2.
From this plot we can easily see that the percent volune |oss
dramatically increases with increasing cavern depth. That is, for al
wellhead pressures (as expressed DY Py;ino(zt) - Peavern(2e)) the shall ow
cavern (dotted line) experiences a snaller percent volune |oss throughout
its 30 year lifetime than that of the deep cavern (dashed line). In
addition, the effect of higher wellhead pressure on percent volunme |oss
is greater for deeper caverns. This is evident fromthe slope of the
lines in the normal operating pressure range, 34.5 bar - 48.3 bar
(500 psia - 700 psia). That is, in the normal operating range, the slope
of the line representing the deep cavern (dashed line) is nuch greater
than that of the shallow cavern (dotted line).

The relationship between volune |oss and operating pressure can al so be
plotted as a ratio, relative to a "standard cavern" as done by Todd“.
Using as a standard a cavern 610 m - 1219 m (2000 ft - 4000 ft) deep
operated for 30 years at P, = 41.4 bars (600 psia), Todd cal cul ated the
ratio of the volume loss of 610 m- 1219 m (2000 ft - 4000 ft) caverns
operated for 30 years at varying P,, to that experienced by the standard
cavern. Todd' s results for a cavern 610 m- 1219 m (2000 ft - 4000 ft)
deep as well as simlar results using the current nodel for caverns at
the three depths discussed above are plotted in Figure 3. The
tenperature approximation is not a factor in a comparision of creep rates
for different caverns as the tenperature conponents of the creep
equations drop out when divided. The deviation between Todd's results
and the results of the current nodel for the cavern 610 m - 1219 m
(2000 ft - 4000 ft) deep are likely due to an integration approxination
Todd?!* used which degrades with decreasing P,.
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Figure 2. Percent volune loss plotted as a function of the difference between the
z,, for three caverns:

lithostatic and cavern pressures at the top of the cavern,
610 m- 1219 m (2000 ft - 4000 ft),
30 years at a range of
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(2000 ft - 4000 ft), operated at 41.4 bar (600 psia) for 30 years. Dotted, solid,
and wi de dashed lines represent volune loss for caverns of depths: 457 m- 1067 m
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(2500 ft - 4500 ft), respectively, operated for 30 years at varying wellhead
pressures. Todd's"' results are shown for a cav:rn 610 m- 1219 m (2000 Et

4000 ft) by the line conposed of narrow dashes.



While volune loss is a good indication of operational efficiency, radia

profiles and interface novenent indicate where and how the vol une | oss
occurs. The radial profile at 30 years for the shallow cavern operated
at four different pressures is shown in Figure 4. Nor mal operating
wellhead pressure is approximately 41.4 bars (600 psia). Fromthis
figure, we imediately see that nmost of the creep occurs in the bottom of
the cavern where the difference between cavern pressure and lithostatic

pressure is the greatest. Note that the effect of the differing
conpressibilities of the oil and brine is unapparent fromthe shape of
the radial profile: the creep is distributed snmoothly over the entire
cavern wall. It is also evident fromthis radial profile that higher
wellhead pressures lint the volunme |oss by decreasing the radial
novenent of the cavern wall. H gher operating pressures offset the
lithostatic pressure, resulting in a slower creep rate. In Figures 5 and
6 simlar results have been plotted for the two deeper caverns. From

these figures we see the influence of cavern depth on creep rate and that
using higher wellhead pressure to mininmze volume loss is nore effective
for deeper caverns.

Because brine withdrawal is used to maintain constant well pressure by
accomodating vol une | oss, deeper caverns with higher creep rates require
hi gher brine renoval rates. Thus the level of the oil/brine interface
should drop with time nore dramatically for deeper caverns, subject to
wellhead pressure. This is evident fromFigures 4, 5 and 6, the radia

profiles of the caverns in this study, where the interface depths at 0
and 30 years of operation have been recorded. The interface novement
seen fromthese figures is as expected: for a given cavern, |ower
operating pressure requires nore brine renoval thus resulting in a
greater interface drop. Similarly, at a given operating pressure, deeper
caverns experience greater creep thus requiring greater brine renoval
rates, resulting in a greater interface drop

Radi al profiles can also be used to study the relationship between the
creep rate and the tenperature profile used in the calculation. In
Figure 7, the difference in the radial profiles for the two different
temperature profiles for the three caverns of varying depths has been
plotted. Fromthis figure we can see that using an average tenperature
not only results in a prediction of the creep rate (and therefore the
volume loss) which is smaller than that predicted using the |inear
tenperature profile, but also that the deviation between the two nethods
increases with increasing cavern depth.

A simlar comparision between the two tenperature nodel s has been made in
Figure 8 where the oil/brine interface depth as a function of tineg,

cal cul ated for the three caverns using the tw different tenperature
profiles, has been plotted. The novenent of the oil/brine interface is
directly related to the brine renoval rates. Therefore, calcul ations
using the average tenperature approxinmation wll predict |ower brine
renoval rates necessary to nmmintain constant pressure over the cavern's
lifetinmne.

Perhaps the nost inportant paraneter affected by using the average
tenperature approximation in creep calculations is volunme |oss. The
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Figure 4. Radial profile, r(z), for a 457 m - 1067 m (1500 ft - 3500 ft)
operated for 30 years at 20.7, 41.4, 62.1, and 82.7 bar (300, 600, 900, and
1200 psi a) . The solid horizontal line denotes the initial interface depth,
while the filled black circles on the radial profiles
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the interface depth at 30 years.
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(2000ft - 4000 ft), and 762 m- 1372 m (2500 ft - 4500 ft).

21



(44

z{(t=0)

z{t) —

15.24

30.48

45.72

Interface Movement for Three Depths

......
........
......

.........
L
..........
Cea,
.

.......
.......
.......

457m- 1067m ( 1500'-3500)

m
61 0m- 1219m (2000'~4000)
762m- 1372m (2500'-4500)) _
m
O © 12 18 24 30

Time, yrs

Figure 8. Interface movenent as a function of tinme, calculated for both the Iinear
tenperature profile (solid line) and the average tenperature approxi mation (dotted
l'ine). The three caverns shown: 457 m - 1067 m (1500 ft - 3500 ft), 610 m -
1219 m (2000 ft - 4000 ft), and 762 m- 1372 m (2500 ft - 4500 ft), were operated
for 30 years at 41.4 bar (600 psia) for 30 vears.

50 ft

100 ft

150 ft



percent volune loss for a 610 m (2000 ft) cavern operated for 30 years at
a constant P, = 41.4 bars (600 psia) has been cal cul ated using both
tenperature profiles for caverns of varying depth and is plotted in
Figure 9. Again, we see fromthis figure that the volune |oss predicted
by average tenperature approxinmation is less than that predicted by the
linear tenperature profile and that this deviation increases with
i ncreasi ng cavern depth.

As discussed above, the actual tenperature profile in the salt,
undoubtedly at |east two-dimensional and tinme dependent, has not been
measur ed. However, the two nethods of nodelling the tenperature profile
used in this work provide upper and |ower bounds on the actual
tenperature distribution. Therefore, the actual radial profiles, brine
renoval rates, and volune |osses would be expected to fall sonewhere
between the results predicted by the two nodels.

The effect of cavern depth on volunme loss for caverns maintained at the
sane wellhead pressure can also be seen from Figure 9. As di scussed
above, deeper caverns not only lose nore volunme to creep, but the
rel ati onship between cavern depth and volume loss is not linear. Another
comonl y di scussed issue is where the volune |oss occurs in a cavern.

This can be determined fromthe radial profiles generated by this nodel.

The easiest way of characterizing the volunme loss distribution is to
determ ne percent of the total creep volume |oss over the 30 year
lifespan as a function of depth. This has been plotted in Figure 10 for
the three caverns of varying depth, all operated for 30 years at
P, = 41.4 bars (600 psia). Fromthis figure we can see that for 610 m
(2000 ft) caverns operated at P, = 41.4 bars (600 psia), 80-90% -of the
volume | ost occurs in the bottom 183 m (600 ft) or 30 % of the cavern.

In addition, placing the caverns shallower in the dome has the effect of
concentrating the volume loss closer to the bottom of the cavern. In
other words, the volunme loss is less axially distributed in shallow
caverns than in deep cavern.

CONCLUSI ONS AND FUTURE WORK

Cost considerations require the mtigation of volume loss in SPR caverns
whenever possible. Volune |oss can be reduced by operating the cavern at
a hi gher wellhead pressure. The percent of the cavern volune saved by
i ncreasing the operating pressure a given anobunt increases with cavern
depth. Thus the cost savings of operating SPR caverns at higher wellhead
pressures increases with cavern depth. The distribution of the volune
loss was found to vary little with cavern depth, with 80-90% of the
volume loss occuring in the bottom 30% of the caverns. The two different
nmet hods of approxi mating tenperature, using an average tenperature and
using an axially linear, radially and tine invariant tenperature profile
were found to differ by up to 35%in volune |oss prediction with the
greater differences occuring at the greater cavern depths.
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Volume Loss for Caverns of Varying Depth
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Figure 9. Percent volume loss as afunction of cavern roof depth for 610 m
(2000 ft) caverns operated for 30 years at 41.4 bar (600 psia). The results
are shown for both tenperature profile nodels.
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Figure 10. Distribution of volune loss for three caverns: 457 m - 1067 m
(1500 ft - 3500 ft), 610 m- 1219 m (2000 ft - 4000 ft), and 762 m - 1372 m
(2500 ft - 4500 ft), operated for yed®ds at 41.4 bar (600 psia).
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Appendi x A

Brine Equation of State

As discussed in the text, the nodel used in this work enploys an equation
of state for saturated brine. This equation, devel oped by Todd2*, was
devel oped as foll ows. Todd' s analysis begins with Potter and Brown’s?25
equation for brine density as a function of pure water density,
temperature, and nolality. This equation is based on an interpolation of
data available in the literature. By substituting expressions for pure
water density and saturated brine nolality as functions of tenperature
and pressure into this equation, Todd devel oped a conplete saturated
brine equation of state.

The first of these expressions, pure water density as a function of
tenperature and pressure, was obtained by curve-fitting data for pure
wat er density as a function of tenmperature and pressure2s, The equation
for saturated brine molality was nore difficult to devel op. By fitting
data (at 25°C) for the nolality of saturated brine published in an ol der
edition of the Handbook of Chemistry and Physics2? an equation for
nmolality as a function of tenperature was obtained. Then, since data on
the effect of pressure on solubility at tenperatures other than 25°C was
unavail able, data reported by Kaufman?® which gave the rate of change of
saturation nolality with pressure as 2.0188e-4 per atnosphere, was used
to add pressure dependence. Since the pressure effect was snmall and the
tenperature range of Brown and Potter's equation was narrow, 0 to 80°C,
Todd assumed that the rate of change of nmolality with pressure to be
constant and therefore nodified the equation for saturated brine nolality
as a function of tenperature from the Handbook of Chemistry and Physics
data to include pressure dependency.

Once these expressions for the density of pure water and the molality of
saturated brine, both as functions of tenperature and pressure were
devel oped, they were inserted into Potter and Brown's equation for the
density of brine as a function of nolality and the density of pure water.
The final result was the equation of state for brine used in this work.
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Appendi x B
Creep Model for a Cylindrical Cavern

Van Sambeek?! has derived an equation for creep in an infinite borehole:

TAt R T
g Iy

(n+l)/2 K,. z - P(z)
Aoy [ 2) {J 1itho I} “y
For caverns of large radius, the inward radial creep of the salt
surroundi ng the cavern is small relative to the cavern radius itself.
Thus a creep nodel which is not dependent on the tine varying radius of
the cavern, but rather the initial radius, can be used. In this appendix
this approximtion, as applied in this work, is quantified

From equation (41), it is seen that excepting the r in the denom nator of
the left hand side, appropriate adjustnment of paraneters (and keeping n
constant) will collapse Van Sanbeek's equation to the nodel used in this
work (equation (32)

5.5
K, . z - P(2)
Ar = R A At exp[l;\ ET] {I Litho m l} (42)
g

In an effort to quantify the differences in calcul ated cavern creep using
Van Sanbeek's nodel as opposed to the nodel used in this work, a
comparision study was perforned. In this study, four caverns were
st udi ed:
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Cavern Cavern Wellhead Tenperature

Nunber Dept h Pressure Model

Cavern 1 610 m- 1219 m 41.4 bar l'i near
(2000 ft - 4000 ft) (600 psia)

Cavern 2 610 m - 1219 m 41. 4 bar average
(2000 ft - 4000 ft) (600 psia)

Cavern 3 762 m - 1372 m 34.5 bar l'i near
(2500 ft - 4500 ft) (500 psia)

Cavern 4 762 m - 1372 m 41.4 bar average
(2500 ft - 4500 ft) (600 psia)

These caverns were chosen for the follow ng reasons. Caverns 1 and 2
represent "nominal" caverns. These caverns, identical except for the
tenperature nodel, are at the depth and operating pressure widely used in
the SPR for calculating nomnal cavern properties. Cavern 3 represents
t he deepest cavern and | owest operating pressure studied using the creep
nodel enployed in this work. Because this nodel will deviate from Van

Sanbeek's nobdel with greater creep, this cavern was investigated to
determ ne the differences between the two nodels in this regine of
greatest deviation. Finally, Cavern 4 is the deepest cavern with the
| owest operating pressure investigated in this work with the average
tenperature approximation. By perfornming a similar calculation using Van
Sambeek' s nodel, the regine of greatest deviation between Van Sanbeek's
nodel and the creep nodel enployed in this work with the average
tenperature approximation can be investigated.

This study was carried out as follows. In order to deternine the effect
of having the r termin the denom nator of equation (41), equation (42)
was nodified to:

] 5.5
A = r oA AL exp[;{ ET] {lKlithoZ P(z) ‘} (43)
g

The proper way of devel oping a nodel with Van Sanbeek's formulation woul d
have been to collapse the constants in equation (41) to resenble the
format of equation (42) and then refit to the actual cavern data used in

t he devel opnent of the present nodel. However, in the interest of
denonstrating that the difference between the nodels is insignificant,
the same constants were used in both cases. That is, the only
nodi fication to the present nodel, including the values of the constants
used, was to replace the nomnal initial radius R in equation (42) with
the actual time-varying radius r. Two paraneters were studied, AV and
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r(zy), the volume change and radius at the bottom of the cavern, both at
30 years. The results of this study are tabulated bel ow

Percent Difference Between The Two Creep Mdels
Cavern
AV (30 yrs) r(z,, 30 yrs)
Cavern 1 1.5 0.4
Cavern 2 0.8 0.03
Cavern 3 7.4 6.4
Cavern 4 2.6 0.5

As expected, the difference between the two nodels is greatest for the
deepest cavern wth the |owest operating pressure, Cavern 3.

Interestingly, using the average tenperature approximation inproves the
correlation between the two nodels.
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